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METHOD AND APPARATUS FOR
MANUFACTURING A ZINC OXIDE THIN
FILM AT LOW TEMPERATURES

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method and apparatus for
manufacturing a zinc oxide thin film at low temperatures.

2. Description of Related Art

Transparent electrode films are indispensable to electronic
components of a digital camera, DVD video, plasma display
panel, organic EL panel and the like, and I'TO (Indium Tin
Oxide) films have been used widely 1n the transparent elec-
trode films. However, Indium 1s expensive, further has the
problem of resource exhaustion, and needs to be urgently
replaced with another material.

Zinc oxide 1s chemically stable and conventionally used
harmless material, and has an advantage of low environmen-
tal load. Among principal methods of manufacturing a thin
film of zinc oxide are sputtering, organic metal chemical
vapor deposition (CVD), and spray thermal decomposition
method. Sputtering has been used the most widely, but has
problems that the film has nonuniform electric resistivity and
that the nonuniformity 1s remarkable when the film 1s formed
at low temperatures.

Organic metal CVD has problems of generating a large
mount of waste gas and 1imposing heavy loads on the envi-
ronment. Problems of the spray thermal decomposition
method are that heat of about 530° C. 1s necessary to obtain
the high-performance film and that the film cannot be formed
at low temperatures.

Another technique to form a zinc oxide thin film other than
the above-mentioned methods 1s Molecular Beam Epitaxy
(MBE) (see “Plasma assisted MBE growth and characteriza-
tion of hexagonal ZnO on GaAs (1111)” Proceeding of 1*
Asia-Pacific Workshop on Widegap Semiconductors, 153-
156 (2003) and “MBE growth and optical properties of ZnO

on GaAs (1111) substrates” Phys. Stat. sol. (b), 241, 591-594
(2004)). However, formation of zinc oxide thin film disclosed

in the these documents 1s to form the film at temperatures of

400° C. or more, and a problem arises that these methods
cannot be applied to the case of using maternials with low heat
resistance such as plastic as a substrate. Another problem 1s
that doping impurities 1s necessary to form the film to
decrease the electric resistivity of the transparent electrode

f1lm.
Further, Japanese Patent Application Publication Nos.:

2003-89875 and JP 2001-271167 disclose the technique of

forming a zinc oxide thin film using atmospheric glow dis-
charge plasmas. Problems 1n the technique of both publica-
tion documents are that the plasmas are generated using inert
gas and that the resistivity of the zinc oxide thin film 1s 3ME2
Or more.

Furthermore, 1in the method of forming a zinc oxide thin
film disclosed 1n these documents and the like, a substrate
placed 1n a film-forming chamber evacuated to a vacuum 1s
heated to 400° C. or more to accelerate the zinc oxide reaction
and the film 1s thereby formed. Moreover, these methods do
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not provide suilicient conductivity, and have the need of 60

doping impurities during formation of the film.

SUMMARY OF THE INVENTION

It 1s a principal object of the present invention to provide a
method of forming a zinc oxide thin film with high transpar-
ency and high conductivity on a surface of a flexible substrate
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such as plastic without the indispensable requirement of dop-
ing impurities, and further provide a display and the like using

the thin film.

Another object of the invention 1s providing a zinc oxide
thin film manufacturing apparatus enabling the zinc oxide
thin film provided with the atorementioned characteristics to
be formed at high speed without using a complicated appa-
ratus.

As a result of long-time research, the inventor of the
present invention obtained new findings that when oxygen
radicals react with zinc atoms at low temperatures, the regu-
larity of the atomic arrangement of zinc oxide deteriorates,
and as a result, visible light scatted by crystal defect portions
to degrade the transparency, however, by controlling the crys-
tal defect density to a predetermined density or less when the
regularity of the atomic arrangement of zinc oxide deterio-
rates, the transparency 1s guaranteed 1n the visible region.

Further, by intentionally disturbing the regularity of the
atomic arrangement of a zinc oxide thin film, the crystal
defects can be used as carrier sources, and 1t 1s made possible
to generate a large number of carriers from the carrier sources.
Thus, new findings were obtained that 1t 1s possible to form a
zinc oxide thin film with high conductivity without doping
impurities, while ensuring the transparency.

In the present mvention, 1n a method of forming a zinc
oxide thin film by reacting oxygen radicals and zinc atoms on
a surface of a substrate placed 1n a film-forming chamber
evacuated to a vacuum, the density of crystal defects that are
defects of the atomic arrangement of the zinc oxide thin film
1s controlled by the temperature of the substrate, and the zinc
oxide thin film 1s thereby formed. The crystal defects are
mainly of oxygen holes. As well as using the crystal defect as
a carrier source, doping a dopant enables the resistivity of the
zinc oxide thin film to be further decreased. It 1s suitable to
control a supply amount of the dopant such that the ratio of the
dopant to zinc atom 1n the zinc oxide thin film 1s in the range
between 1:10 to 1:1000. Suitable as the dopant 1s aluminum,
gallium, indium and chlorine.

It 1s suitable to form the film by maintaining the tempera-
ture of the substrate at 400° C. or less to intentionally disturb
the atomic arrangement of the zinc oxide thin film. The film
forming reaction of zinc oxide expressed by Zn0+0O*—7Zn0O
1s exothermic reaction as described later, and 1t 1s suitable to
control the temperature of the substrate virtually 1in the range
of 0° C. to 400° C. It 1s thereby possible to form a zinc oxide
thin film with high conductivity while ensuring the transpar-
ency.

It 1s preferable to control the temperature of the substrate
by adjusting the distance between an oxygen radical source
and the substrate and/or the distance between a zinc atom
source and the substrate and/or the distance between a dopant
source and the substrate. It 1s possible to control the tempera-
ture of the substrate by suppressing the effect of radiation heat
of the oxygen radical source and zinc atom source and dopant
source.

In the case of using as an oxygen radical source an oxygen
plasma cell system of generating plasmas in a silica or alu-
mina or sapphire tube filled with oxygen, generating oxygen
radicals from the oxygen plasma cell, and supplying the oxy-
gen radicals to a substrate, the temperature of the silica tube 1s
about 350° C. or more at minimum, and needs to be 400° C.
or more to increase the oxygen supply amount. As a result, the
substrate 1s heated to 400° C. or more by radiation heat
depending on conditions. However, by maintaining the dis-
tance between the oxygen plasma cell and substrate at a
predetermined distance or more, 1t 1s possible to suppress the
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elifect of radiation heat from the oxygen plasma cell and
prevent increases in temperature ol the substrate.

Further, 1n the case of using a system of vaporizing solid
zinc to supply zinc atoms to a substrate, a zinc crucible used
in evaporating solid zinc needs to be heated to temperatures of
at least 300° C. or more, and to increase the supply amount of
zinc atoms, to be heated to 400° C. or more. Therefore, by
controlling the distance between the zinc crucible and sub-
strate, 1t 1s possible to control the effect of radiation heat from
the zinc crucible. In other words, 1t 1s suitable to control the
elfect of radiation heat from the oxygen plasma cell and zinc
crucible and dopant crucible by adjusting respective distances
with the substrate.

It 1s suitable that the distance between the substrate and the
oxygen radical source or zinc atom source 1s a mean iree path
or less of an oxygen radical or zinc atom, respectively. When
the distance 1s set that enables the effects of radiation heat
from the oxygen radical source and zinc atom source on the
substrate to be adjusted to the desired temperature or less, 11
the distance 1s longer than the mean free path, part of the
oxygen radicals and/or zinc atoms looses the energy before
reaching the substrate, and cannot arrive at the surface of the
substrate. Further, even when reaching the surface, such radi-
cals and/or atoms degrade the reaction on the surface of the
substrate. Theretfore, it 1s preferable to set the distance that
enables the effects of radiation heat to be adjusted to within a
desired range and that 1s less than or equal to the mean free
path.

It 1s suitable to control the temperature of the substrate to
the desired temperature by forcefully cooling means. For
example, 1t 1s preferable to dispose a pipe around and/or 1n a
substrate holder, circulate water through the pipe to cool the
substrate and control the temperature of the substrate.

As another method of intentionally disturbing the regular-
ity of the atomic arrangement of the zinc oxide thin film, 1t 1s
preferable to control a supply amount of the oxygen radical
and/or zinc atom to the substrate, and thereby control the
density of crystal defects that are defects of the atomic
arrangement of the zinc oxide thin film. By supplying a larger
supply amount of the zinc atom than that of the oxygen radical
to the surface of the substrate, or supplying a smaller supply
amount of the oxygen radical than that of the zinc atom to the
surface of the substrate, the reaction lacks oxygen. It 1s
thereby possible to control the concentration of crystal
defects.

By controlling the crystal defects to withuin the range of
1x10"® defects/cm’ to 5x10°" defects/cm’, it is possible to
provide the electric resistivity of 1x10™* Qcm or less and the
visible light transmittance of 80% or more. In addition, 1n the
case¢ where the high transmittance 1s not required, for
example, 1n electro-magnetic shielding material and the like,
the zinc oxide thin film with high conductivity may be formed
by setting the density of crystal defects at 5x10°" defects/cm”
Or more.

It 1s suitable to control the ratio between the oxygen radical
supplied from the oxygen radical source and zinc atoms sup-
plied from the zinc oxide source reacting on the surface of the
substrate. On the surface of the substrate, when unreacted
zinc atoms are deposited to the substrate during the reaction
expressed by Zn (Zinc atom)+O*(Oxygen radical)—Zn0O,
the crystal defect (lattice defect) arises. By adjusting the ratio
between the supply amount of the zinc atom and the supply
amount of the oxygen radical, it 1s possible to control the
density of crystal defects. It 1s thereby possible to form the
zinc oxide thin film with high conductivity without doping the
impurity. The supply amounts of the zinc atom and the oxy-
gen radical can be controlled by controlling the temperature
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ol the zinc crucible and the exciting power of oxygen plasma
cell or adjusting the capacity of the zinc crucible and oxygen
plasma cell, respectively.

It 1s suitable to control the density of crystal defects 1n film
formation by considering the density of crystal defects recov-
cred by the heat treatment process alter forming the zinc
oxide thin film.

Transparent electrode films for use 1n electric/electronic
devices sometime undergo various heat treatment processes
alter forming the films. For example, the transparent elec-
trode film used in the plasma display 1s exposed to heat
treatment of about 500° C. for about three hours during the
process of forming the hub electrode using silver paste.
Therefore, during the heat treatment process, the density of
crystal defects of the zinc oxide thin film changes (oxygen
holes are recovered). The carrier sources are thereby reduced,
and the conductivity decreases. Then, 11 a zinc oxide thin film
1s formed by beforehand factoring in the density of crystal
defects (the density of oxygen holes) recovered by the sub-
sequent heat treatment process, it 1s possible to finally form
the zinc oxide thin film with the desired conductivity and
transmittance.

The present invention provides a zinc oxide thin film manu-
facturing apparatus comprising a film-forming chamber
evacuated to a vacuum, an oxygen plasma cell that 1s disposed
in the film-forming chamber and that 1s provided with fine
holes to inject oxygen radicals, a zinc crucible that 1s disposed
in the film-forming chamber and that generates vapor of zinc
atoms, a dopant crucible that 1s disposed 1n the film-forming
chamber and that generates vapor of dopant atoms, and a
substrate holder that 1s disposed in the film-forming chamber
and that holds a substrate with a surface on which a zinc oxide
thin film 1s formed by reaction of the oxygen radicals and the
zinc atoms, where the distance between the substrate and an
oxygen radical source and/or the distance between the sub-
strate and a zinc atom source 1s respectively set at amean free
path or less of the oxygen radical or zinc atom, and that means
1s provided for holding an effect of radiation heat from the
oxygen radical source and/or the zinc atom source at 400° C.
or less.

It 1s a feature providing temperature controlling means for
controlling the temperature of the substrate holder to 400° C.
or less. By providing the substrate holder with the tempera-
ture controlling means, the temperature of the substrate can
be controlled freely and readily, and 1t 1s thus possible to
adjust the reaction rate of the zinc oxide thin film. As a resulkt,
it 15 possible to generate lattice defects caused by the supplied
oxygen radicals and zinc atoms and zinc atoms remaining
unreacted, and to control the density of lattice defects.

It 1s suitable to provide the zinc oxide thin film manufac-
turing apparatus with means for doping substances. For
example, by doping impurities such as aluminum, gallium,
indium, chlorine or the like during formation of a zinc oxide
thin film, 1t 1s possible to turther decrease the electric resis-
tivity.

The oxygen plasma cell and/or zinc crucible 1s preferably
provided with a radiation plate to control the effect of radia-
tion heat from the oxygen plasma cell or zinc crucible on the
substrate, respectively.

The oxygen plasma cell 1s preferably of capacitive cou-
pling type ring-shaped electrodes. By using the capacitive
coupling type ring-shaped electrodes, 1t 1s possible to facili-
tate generation of plasma than i ICP (Inductive coupling
plasma). For example, providing the ring-shaped electrodes
outside the oxygen plasma cell facilitates adjustment of inten-
sity of plasma generation and maintenance and thus 1s prei-
erable.
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According to the present invention, 1t 1s possible to form a
transparent zinc oxide thin film with high transmittance and
high conductivity on a surface of a flexible substrate such as
plastic without the indispensable requirement of doping
impurities. Further, 1t 1s possible to form a zinc oxide thin film
at high speed without using a complicated apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects and features of the mnvention
will appear more fully hereinafter from a consideration of the
tollowing description taken 1n connection with the accompa-
nying drawing wherein one example 1s illustrated by way of
example, 1n which;

FIG. 1 1s a view showing an entire apparatus for manufac-
turing a zinc oxide thin film;

FIG. 2 1s a detail view of an oxygen plasma cell;

FIG. 3 1s a detail view of the apparatus for manufacturing a
zinc oxide thin film with a film-forming chamber centered;

FI1G. 4 1s a view of an appearance of the oxygen plasma cell
prototyped 1n Example 1;

FIG. 5 shows graphs illustrating simulations of electric
field strength distribution and potential distribution when the
distance between ring-shaped discharge electrodes 1s varied;

FI1G. 6 1s a graph showing characteristics of emission spec-
trum ol plasmas generated by supplying high-frequency
power (13.56 MHz, upper clectrode of +3500V, lower elec-
trode of —500V) to the capacitive coupling discharge elec-
trodes of the oxygen plasma cell;

FI1G. 7 illustrates characteristics of zinc oxide thin films
formed on glass substrates widely used as a transparent sub-
strate;

FIG. 8 shows graphs 1llustrating relationships between the
film-forming temperature and resistivity and between the
film-forming temperature and carrier density;

FI1G. 9 shows graphs illustrating relationships between the
resistivity or carrier density on the vertical axis and the num-
ber (arbitrary unit) of bonded zinc atoms that are not bonded
with oxygen measured by x-ray excited electron spectros-
COpPY;

FIG. 101llustrates characteristics of the zinc oxide thin film
tormed on a PET (polyethylene terephthalate) substrate;

FI1G. 11 1llustrates characteristics of the zinc oxide thin film
tformed on a PC (polycarbonate) substrate;

FI1G. 12 1llustrates characteristics of the zinc oxide thin film
formed on a PVC (polyvinyl chloride) substrate;

FI1G. 13 1llustrates characteristics of the zinc oxide thin film
formed on a PP (polypropylene) substrate;

FI1G. 14 shows a graph 1llustrating the relationship between
the supply ratio of gallium to zinc and the resistivity of the
zinc oxide thin film formed with gallium as a dopant and other
graphs;

FIG. 15 shows a graph 1llustrating the relationship between
the supply ratio of gallium to zinc and the carrier density and
other graphs; and

FIG. 16 shows a graph 1llustrating the relationship between
the supply ratio of gallium to zinc and the resistivity of the
zinc oxide thin film formed with gallium as a dopant using
glass, polyethylene terephthalate (PET), or polycarbonate

(PC) as a substrate with 1ts temperature set at low temperature
(90° C.) and other graphs.

DETAILED DESCRIPTION OF THE INVENTION

An embodiment of the present mvention will specifically
be described below with reference to accompanying draw-
ings. However, the present invention 1s not limited to the
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embodiment. FIG. 1 1s a view showing an entire apparatus for
manufacturing a zinc oxide thin film.

The apparatus for manufacturing a zinc oxide thin film 1 1s
basically comprised of a film-forming chamber 1A, substrate
holder 10, oxygen plasma cell 11, and zinc crucible 12. In the
case ol aiming at improving the conductivity of a zinc oxide
thin film, a dopant (impurities), for example, aluminum, gal-
lium, indium, chlorine or the like 1s placed 1n a dopant cru-
cible 13, and evaporated to be doped 1n forming the zinc oxide
thin film.

The film-forming chamber 1A 1s held at a vacuum by a
vacuum pump. The degree of vacuum 1s 1deally ultrahigh
vacuum (10" torr), but there is a problem that the cost of the
apparatus 1increases 1n proportion to an increase in the degree
of vacuum. Therefore, the degree of vacuum may be deter-
mined by relationships between the mean free path of the
oxygen radical and a distance between the oxygen plasma cell
11 and the substrate 101 and between the mean free path of
the zinc atom and a distance between the zinc crucible 12 and
the substrate 101. The pressure is set at 10~ torr or less in this
embodiment. Details will be described later.

Oxygen gas 1s provided to the oxygen plasma cell 11 from
an oxygen cylinder 20 at pressure between about 20 and 200
torr via a flow-rate controller. Plasma space 1A inside the
oxygen plasma cell 11 becomes a glow discharge state by the
energy supplied from the high-frequency power supply. Inthe
plasma space 1A, the oxygen gas supplied from the oxygen
cylinder 20 becomes oxygen radicals (O*) and oxygen 10ns
(O™) generated in the oxygen plasma, and when passed
through fine holes provided 1n an 1mjection opening, the oxy-
gen 1ons (O7) become oxygen radicals (O*) with the oxygen
radicals (O*) not changed, whereby the oxygen radicals are
injected to the direction of the substrate 101. In addition, the

degree of vacuum 1nside the plasma space 1A 1s basically
determined according to Paschen’s law, and suitably, about
107* to 107 torr.

FIG. 2 1s a detail view of the oxygen plasma cell 11. To
generate oxygen radicals, the oxygen plasma cell 11 1s held at
the degree of vacuum of about 1 mm to 100 mm torr, and the
oxygen gas 1s supplied to the cell 11 from the oxygen cylinder
20 to fill the cell 11 with oxygen. A high voltage 1s applied to
between the ring-shaped electrodes 112 from the high-fre-
quency power supply to generate oxygen plasmas in the
plasma space 1A. The generated oxygen plasmas are mjected
from fine holes provided in the upper portion of the oxygen
plasma cell 11 as oxygen radicals. The oxygen plasma cell 11
1s preferably a silica tube, but not limited thereto, and any
materials are applicable until impurities elute by generation
of the plasma.

In FIG. 2(a), the ring-shaped electrodes 112 are disposed
around the peripheries of the oxygen plasma cell 11. For
example, by applying a potential difference of 1000 volts of
13.56 MHz to between the electrodes, glow discharge 1s gen-
crated inside the silica tube 111 to cause a plasma state. By
providing ring-shaped glow discharge electrodes around the
peripheries of the silica tube 111, provided are features that 1t
1s possible to apply the high voltage easily to between the
electrodes, and make the electric field uniform inside the
plasma space. Further, there 1s another feature that the dis-
charge electrodes attached outside facilitate their operation
and maintenance.

ICP (Induction Coupling Plasma) has conventionally been
used as an electrode to generate plasmas, but using the ring-
shaped electrodes enable plasmas to be generated easily with
less oxygen gas than in ICP.

The glow discharge starts when the high voltage of about
1000 volts at 13.56 MHz 1s applied to between the ring-
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shaped electrodes 112. By glow discharge, the oxygen gas
inside the plasma space between the ring-shaped electrodes
112 becomes plasmas such as oxygen 10ns, oxygen atoms of
the ground state, oxygen atoms of the excited state, electrons
and the like (O™, O™, O, O*, ¢~ and the like), and oxygen
radicals are ¢jected from the plasma space toward the film-
torming chamber 1A with a higher degree of vacuum through
the fine holes 113.

FI1G. 2(b) shows an 1njection plane of oxygen radicals of
the oxygen plasma cell 11. Oxygen ions (O7, O™) emit the
energy to transier from the ion state to radical state when
passed through the fine holes 113, become oxygen radicals
(O*), and are 1injected to mside the film-forming chamber. It
1s preferable to provide a plurality of fine holes 113 to release
oxygen radicals uniformly into the film-forming chamber,
and a diameter of the fine holes 1s preferably about 0.2 mm.

FIG. 3 shows an apparatus for manufacturing a zinc oxide
thin film where the oxygen plasma cell 11 and zinc crucible
12 are disposed respectively on the left and right sides as
viewed 1n the figure without the dopant and crucible 13 1n the
apparatus for manufacturing a zinc oxide thin film as shown
in FIG. 1. Solid zinc 1n the zinc crucible 12 1s heated to high
temperatures (300° C. to 350° C.), becomes vapor Zinc (Zinc
atoms), and evaporates toward the substrate 101 (for example,
plastic substrate) held by the substrate holder 10. A material
of the zinc crucible 1s not limited particularly unless the
material melts at high temperatures. In terms of high thermal
conductivity and the like, preferably 1s a cylindrical crucible
made of molybdenum with the inner surface covered with
silica glass or ceramics.

Zinc atoms (Zn) evaporated from the zinc crucible 12 and
oxygen radicals (O*) injected from the oxygen plasma cell 11
cause reaction on the substrate 101 according to the equation
of Zn+O*—=/n0O, and the reaction 1s exothermic reaction.
This 1s because enthalpy of formation to form zinc oxide from
zinc atoms and oxygen atoms 1s —-3.16 e¢V/ZnO, and the
chemical equation of 2Zn+0,—=27n0+6.32 ¢V holds. The
dissociation energy necessary to decompose one oxygen mol-
ecule to two oxygen atoms 1s 1.4 €V, resulting 1n the equation
of O,+1.4 eV—20.

To form ZnO by reacting zinc atoms and oxygen atoms,
above-mentioned two equations are added, resulting in an
equation of 2Zn+20—27n0+7.72 ¢V, and as a result, the
exothermic reaction equation of Zn+O—7n0+3.86 ¢V holds.
By this means, although the zinc oxide thin film has conven-
tionally been formed by heating the substrate to 400° C. or
more, 1t was first demonstrated that a zinc oxide thin film can
be formed 1n principle without heating the substrate. In the
case of forming a zinc oxide thin film on a flexible substrate
such as plastic, it 1s only required to hold the temperature of
the substrate at under the softening point of a matenal of the
substrate.

It 1s necessary to consider following respects to hold the
temperature of a substrate at a desired temperature or less.
One 1s to control increases 1n temperature of the substrate 101
due to radiation heat from the zinc crucible 12 because the
crucible 12 needs to be heated to 350° C. or more to evaporate
zinc atoms. Another one 1s to control increases 1in temperature
of the substrate 101 due to radiation heat from the oxygen
plasma cell 11. To control these increases, a distance (X)
between the oxygen plasma cell 11 and substrate and another
distance (Y) between the zinc crucible 12 and substrate are
adjusted by a substrate up/down mechanism 15 so that the
temperature of the substrate 1s not more than the desired
temperature due to radiation heat.

Meanwhile, 1t 1s necessary to prevent each of the oxygen
radical and zinc atom from colliding with an impurity inside
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the film-forming chamber before reaching the substrate.
Therefore, the distances (X) and (Y) both need to be less than
respective mean Iree paths of the oxygen radical and zinc
atom.

The mean free path 1s determined by the relationship with
the degree of vacuum of the film-forming chamber, and 1t 1s
necessary to consider the cost of the film forming apparatus,
area to form a film 1n one processing and the like. It1s possible
to control the temperature of the substrate by determining the
distances (X) and (Y) to meet the above-mentioned condi-
tions. The substrate up/down mechanism 15 serves as such
control means or a mechanism to move the substrate holder
upward and downward.

In addition, to reduce the effect of radiation heat of the zinc
crucible 12, a temperature control plate may be attached that
controls the effect of radiation heat. In this case, a material of
the temperature control plate may be stainless. Further, it 1s
suitable to provide a cooling mechanism 14 that forcefully
cooling the substrate holder 10 as means for preventing an
increase 1n temperature of the substrate due to radiation heat.

The zinc atoms and oxygen radicals reaching the substrate
101 form a zinc oxide thin film by the reaction of the zinc
atom and oxygen radical as described above, while diffusing
two-dimensionally on the surface of the substrate 101. As the
process ol forming the zinc oxide thin film, 1t 1s considered
that a crystal of zinc oxide first forms a small 1sland, and
grows gradually from the i1sland as a seed, thereby forming a
zinc oxide thin film.

When the substrate 1s of single crystal, for example, gal-
lium arsemide (GaAs), the atomic arrangement of the sub-
strate affects the crystal orientation of zinc oxide, and as a
result, the crystal of zinc oxide grows along the crystal ori-
entation of the substrate. However, when the substrate 1s
plastic or the like, 1t 1s considered that since crystal orienta-
tions of 1slands generated and scattered on the substrate are
different from one another, a polycrystal zinc oxide film 1s
formed. In addition, to form a uniform zinc oxide thin film as
possible, 1t 1s preferable to form the film while rotating the
substrate 101 by a substrate rotating mechanism 16.

Example 1
Oxygen Plasma Cell

FIG. 4 illustrates an appearance ol a prototyped oxygen
plasma cell. The oxygen plasma cell is made of a silicatube of
height 300 mm, inner diameter of 26 mm, outer diameter of
30 mm and thickness of 2 mm, and provided in the upper
portion with twenty-one oxygen radical injecting fine holes
113 each with a diameter of 0.2 mm to inject the oxygen
plasma.

FIG. 5 shows graphs illustrating simulations of electric
field strength distribution and potential distribution when the
distance between ring-shaped discharge electrodes 1s varied.
In addition, as physical properties used 1n the simulations, the
dielectric constant of oxygen1s 1.0005, the dielectric constant
of silica 1s 3.8, the dielectric loss factor 1s 0.0001, the electric
resistivity of copper is 1.55x10™° Qcm, and a potential dif-
terence ol 735 volts 1s applied between the ring-shaped elec-

trodes 112.

The potential and electric field strength along the center
axis of the cell are as shown 1n FIGS. 5(a) and 3(b), respec-
tively. The maximum electric strength reaches 241 V/cm
when the distance between the electrodes 1s 30 mm. As a
result, 1t was found that the distance between the ring-shaped
clectrodes 112 1s preferably about 30 mm 1n the oxygen
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plasma cell with the above-mentioned sizes, and the distance
between discharge electrodes was set at 30 mm 1n the proto-
type apparatus.

FIG. 6 1s a graph showing characteristics of emission spec-
trum ol plasmas generated by supplying high-frequency
power (13.56 MHz, a potential difference between the upper
and lower electrodes 1s 1500V (50 W)) to capacitive coupling
glow discharge electrodes of the oxygen plasma cell as shown
in FIG. 4. The degree of vacuum was 107° torr in the film-
forming chamber. As shown 1 FIG. 6, strong spectra are
observed at 777 nm and 844 nm, and generation of oxygen
radicals was recognized.

Example 2

Formation of the Zinc Oxide Thin Film on a Glass
Substrate

FI1G. 7 illustrates characteristics of zinc oxide thin films
formed on glass substrates widely used as a transparent sub-
strate. The films were formed while changing the temperature
of the substrate to 420° C., 300° C., 150° C., 100° C., 80° C.,
60° C. and 40° C. FIG. 7(a) 1s a photograph showing condi-
tions of the film formed at each temperature. In the figure,
numeric values 1n the upper right portion indicate the film
forming temperature and film thickness. It has been shown
that films formed at either of temperatures have sulficient
transparency.

FI1G. 7(b) 1s a graph showing light transmittance spectra for
cach film-forming temperature. It has been shown that the
films formed at either of temperatures have a light transmiut-
tance of 80% to 90% or more 1n the visible region ({from 380
nm to 770 nm).

FIG. 7(c) 1s a graph showing X-ray diffraction spectra of
zinc oxide thin films. As shown 1n FIG. 7(c), the formed thin
films have the ZnO (0002) diffraction peak at nearly 20=34.5
degrees, and 1t was recognized that the formed thin films are
zinc oxide.

FI1G. 8 shows graphs illustrating relationships between the
film-forming temperature and resistivity and between the
film-forming temperature and carrier density. It has been
understood from FIG. 8(a) that the resistivity decreases as the
film-forming temperature decreases, and from FIG. 8(d) that
the carrier density increases as the film-forming temperature
decreases. From the aforementioned facts, a result was
obtained that the carrier density ranging from 1x10°° to
5x10°! carries/cm” is necessary to obtain the low resistivity of
1x107° Qcm or less in film-forming temperatures less than or
equal to 100° C.

In the zinc oxide crystal of zinc oxide, the zinc atom and
oxygen atom are boned one-to-one. When the ratio deviates
from this rate, a defect occurs. Defects generated 1n a zinc
excessive state (oxygen shortage state) act as carrier sources,
and are rather preferable for the conductive film.

FI1G. 9 shows graphs illustrating relationships between the
resistivity or carrier density on the vertical axis and the num-
ber (arbitrary unit) of bonded zinc atoms, on the horizontal
ax1is, which are not bonded with oxygen measured by x-ray
excited photo-electron spectroscopy. It 1s understood from
FIG. 9(b) that the carrier density increases as the lattice defect
increases. Further, 1t 1s understood from FIG. 9(a) that the
resistivity decreases as the lattice defect increases.

From the foregoing, 1t 1s considered that a large number of
defects caused by shortage of oxygen exist on the ZnO crystal
of the film formed at low temperatures, and that the defects
supply carriers and decrease the resistivity of the ZnO film.
Meanwhile, 1t was recogmized that the density of defects
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generated 1n the film-forming conditions exemplified herein
1s not so large to degrade the transmittance of visible light,
and that by adjusting the ratio between the zinc atom and
oxygen radical to supply to the surface of the substrate 1n
forming the film, 1t 1s possible to further decrease the resis-
tivity while maintaining the high transmittance of visible

light.

Example 3

Formation of the Zinc Oxide Thin Film on a PET
Substrate

FIG. 101llustrates characteristics of the zinc oxide thin film
formed on a PET (Polyethylene terephthalate) substrate. The
zinc oxide thin film with a thickness of 550 nm was formed
with the temperature of the substrate set at 50° C. FIG. 10(a)
1s a photograph of the formed film, and as can be seen from the
figure, the film shows suilicient transparency.

FIG. 10(b) 1s a graph showing the spectrum of light trans-
mittance, and i1t has been shown that the light transmittance 1s
80% or more 1n the visible region. FIG. 10(¢c) 1s a graph
showing the X-ray diffraction spectrum of the zinc oxide thin
f1lm. As shown in FIG. 10(¢), the formed thin film has the ZnO
(0002) diffraction peak at nearly 20=34.5 degrees, and 1t was
recognized that the formed thin film 1s zinc oxide.

Example 4

Formation of the Zinc Oxide Thin Film on a PC
Substrate

FIG. 11 1llustrates characteristics of the zinc oxide thin film
formed on a PC (Polycarbonate) substrate. The zinc oxide
thin film with a thickness of 910 nm was formed with the
temperature of the substrate set at 60° C. FIG. 11(a) 1s a
photograph of the formed film, and as can be seen from the
figure, the film shows suificient transparency.

FIG. 11(b) 1s a graph showing the spectrum of light trans-
mittance, and 1t has been shown that the light transmittance 1s
60% to 80% or more 1n the visible region. One of reasons why
the transmittance 1s low at around 400 nm 1s the thickness, and
it 1s considered that the transmittance of 80% or more 1s
obtained 1n about half such a thickness. FIG. 11(c¢) 1s a graph
showing X-ray diffraction spectra of the zinc oxide thin film.
As shown 1n FIG. 11(c), the formed thin film has the ZnO
(0002) diffraction peak at nearly 20=34.5 degrees, and it was
recognized that the formed thin film 1s zinc oxide.

Example 5

Formation of the Zinc Oxide Thin Film on a PVC
Substrate

FIG. 12 illustrates characteristics of zinc oxide thin films
formed on PVC (Polyvinyl chloride) substrates. The films
were formed while setting the temperature of the substrate at
50° C., 60° C. and 70° C. As can be seen from FIG. 12(a),
excellent transparency was obtained in the films formed at
either of temperatures.

FIG. 12(b) 1s a graph showing X-ray diffraction spectra of
the zinc oxide thin films. As shown in FIG. 12(d), the formed
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thin films have the ZnO (0002) diffraction peak at nearly
20=34.5 degrees, and 1t was recognized that the formed thin
fllms are zinc oxide.

Example 6

Formation of the Zinc Oxide Thin Film on a PP
Substrate

FI1G. 13 illustrates characteristics of the zinc oxide thin film
formed on a PP (Polypropylene) substrate. The film was
tformed with the temperature of the substrate set at 50° C. As
can be seen from FIG. 13(a), there 1s not a significant differ-
ence 1n transparency between the PP substrate with the zinc
oxide thin film formed thereon (upper photograph) and PP
itself (lower photograph). Accordingly, 1t was recognized that
excellent transparency 1s obtained in the film formed with the
temperature of the substrate set at 50° C.

Further, FIG. 13(d) 1s a graph showing the X-ray difirac-
tion spectrum of the zinc oxide thin film. As shown in FIG.
13(b), the formed thin film has the ZnO (0002) diffraction
peak at nearly 20=34.5 degrees, and 1t was recognized that the
formed thin film 1s zinc oxide.

Example 7

Formation of the Zinc Oxide Thin Film with Dopant
(Galltum) Doped

FI1G. 14 shows a graph 1llustrating the relationship between
the supply ratio of gallium to zinc and resistivity of the zinc
oxide thin film formed with galllum as a dopant and other
graphs. F1G. 14(a) shows the relationship between the supply
ratio of gallium to zinc and resistivity when gallium was
added to the dopant crucible 13 as a dopant, the temperature
of gallium was controlled to between 730° C. and 800° C. by
controlling the temperature of the dopant crucible 13, and the
supply ratio of gallium to zinc was there by varied 1n forming
the zinc oxide thin film. At this time, the temperature of the
substrate was 290° C., the temperature of zinc was 385° C.,
and the high-frequency power was 150 W.

As shown 1n FIG. 14(a), the zinc oxide thin film with low
resistivity was formed when the supply ratio of galllum to
zinc is about 10" %. The number of gallium atoms at this ratio
1s as follows:

The number of zinc is 4x10°* (Zn=4x10°*) per cubic cen-
timeter of zinc oxide (ZnO). When gallium (Ga) 1s supplied
with the supply amount of 0.1% relative to zinc, since the
density of zinc oxide is 5.47 g/cm’, the atomic weight of zinc
1s 65.39, the atomic weight of oxygen 1s 15.99, and the atomic
weight of gallium 1s 69.72, the ratio 1s 65.39:15.99=M__:
(5.47-M_ ), and M_, =4.4 grams. Theretfore, the number of
zinc atoms is 4.4x(6x107°)/65.39=4x10"*/cm” The weight of

gallium is 4.4x107° (=M. ,) grams. The number of gallium
atoms is (4.4x107°)x(6x10°°)/69.72=4x10""/cm’

FIG. 15 shows graphs illustrating the relationship between
the supply ratio of gallium to zinc and the carrier density and
the like. In FIG. 15(a), when considering that one carrier 1s
generated from one gallium atom, from the carrier density at
the gallium/zinc supply ratio that maximizes the mobility, the
number of gallium in the zinc oxide thin film is 3x10*%/cm”.
This result 1s considered caused by the fact that the deposit
elficiency of gallium to the substrate is ten times higher than
that of zinc. Accordingly, a zinc oxide thin film with the
lowest resistivity 1s formed when the ratio of the dopant to
zinc 1n the zinc oxide thin film 1s about 1:100.
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FIG. 14(b) 1s a graph 1llustrating the relationship between
the wavelength and transmittance of the zinc oxide thin film
formed while varying the supply ratio of gallium to zinc. The
supply ratio of Ga/Zn was varied 1n the range of 0% to 0.1%,
and 1n any supply ratios, almost the same transmittance was
obtained in the visible region.

FIG. 14(c) 1s a graph showing the transmittance in the
infrared region. As shown 1n the figure, 1t was recognized that
the film with the supply ratio of gallium to zinc of 0.1% does
not allow IR rays with wavelengths of 1.5 um or more to pass
through, and the film with the supply ratio of gallium to zinc
ol 0.05% does not allow IR rays with wavelengths of 1.7 um
or more to pass through. From these facts, it 1s understood that
using the zinc oxide thin film enables production of IR shield-
ing transparent sheets, and for example, by covering a win-
dow with a zinc oxide thin film sheet produced by this
method, 1t 1s made possible to block heat from the outside.

FIG. 15 shows a graph illustrating the relationship between
the supply ratio of gallium to zinc and resistivity of the zinc
oxide thin film formed with gallium as a dopant using glass,
polyethylene terephthalate (PET), or polycarbonate (PC) as a
substrate with 1ts temperature set at low temperature (90° C.)
and other graphs. As shown in FI1G. 16(a), the resistivity 1s the
lowest 1n zinc oxide thin films formed on PET and PC sub-
strates in the supply ratio of gallium to zinc of about 107" %.
FIGS. 16(b) and 16(c) are graphs showing the transmittance
of zinc oxide thin films on glass substrates formed similarly at
low temperature (90° C.). As shown 1n FIG. 16(5), the excel-
lent transmittance 1s obtained in the visible region, and IR
rays are shielded in the region more than 2.5 um.

According to the present invention, 1t 1s possible to form
zinc oxide thin films with low resistivity and high transpar-
ency 1n the visible region on flexible substrates such as plas-
tic. It 1s thereby possible to substitute the zinc oxide thin film
for the indium tin oxide (ITO) film conventionally used 1n
clectronic devices such as digital cameras, DVD videos,
plasma display panels, organic EL panels and the like.

This application 1s based on the Japanese Patent applica-
tion No. 2005-237141 filed on Aug. 18, 2005, entire content
of which 1s expressly incorporated by reference herein.

Although the present invention has been tully described by
way of example with reference to the accompanying draw-
ings, 1t 1s to be understood that various changes and modifi-
cations will be apparent to those skilled in the art. Therefore,
unless otherwise such changes and modifications depart from
the scope of the present invention hereinafter defined, they
should be construed as being included therein.

What 1s claimed 1s:

1. A method of manufacturing a zinc oxide thin film by
reacting oxygen radicals and zinc atoms on a surface of a
substrate placed 1n a film-forming chamber evacuated to a
vacuum, wherein the density of crystal defects that are defects
of the atomic arrangement of the zinc oxide thin film 1s
controlled by at least a temperature of the substrate, and the
zinc oxide thin film 1s formed,

the density of crystal defects 1s controlled to within a range
of 1x10'® defects/cm’ to 5x10°" defects/cm’, and

wherein the temperature of the substrate 1s maintained at
400° C. or less by cooling means to form the zinc oxide

thin film.

2. The method of manufacturing a zinc oxide thin film
according to claim 1, wherein 1n reacting the oxygen radicals
and the zinc atoms on the surface of the substrate to form the
zinc oxide thin film, a dopant 1s supplied to the surface of the
substrate to form the zinc oxide thin film.
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3. The method of manufacturing a zinc oxide thin film
according to claim 2, wherein a supply amount of the dopant
1s controlled so that the ratio of the dopant to the zinc atoms 1n
the zinc oxide thin film 1s within a range of 1:10 to 1:1000.

4. The method of manufacturing a zinc oxide thin film
according to claim 1, wherein the substrate 1s a flexible sub-
strate such as plastic.

5. The method of manufacturing a zinc oxide thin film
according to claim 4, wherein the tlexible substrate 1s selected

14

from the group consisting of polyethylene terephthalate
(PET), polycarbonate (PC), polyvinyl chlonde (PVC) and
polypropylene (PP).

6. The method of manufacturing a zinc oxide thin film
according to claim 1, wherein the density of crystal defects 1n
forming the film 1s controlled by considering the density of
crystal defects recovered by a heat treatment process subse-
quent to formation of the film.

G ex x = e
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